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We
�

study the conductanceof carbonnanotubewires in the presenceof disorder,in the limit of phase-
coherent� transport.For this purpose,we havedevelopeda simplenumericalprocedureto computetransmission
through
�

carbonnanotubesand relatedstructures.Two modelsof disorderareconsidered,weakuniform dis-
order	 and isolatedstrong scatterers.In the caseof weak uniform disorder,our simulationsshow that the
conductance� is not significantlyaffectedby disorderwhentheFermienergyis closeto thebandcenter.Further,
the
�

transmissionaroundthe bandcenterdependson the diameterof thesezeroband-gapwires. We alsofind
that
�

the calculatedsmall bias conductanceas a function of the Fermi energyexhibits a dip when the Fermi
energy
 is closeto the secondsubbandminima. In the presenceof strongisolateddisorder,our calculations
show� a transmission gap at the band center, and the corresponding conductanceis very small.�
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I. INTRODUCTION

The
�

experimentaland theoreticalstudy of carbonnano-
tubes
� �

CNT
� �

has recently been active becausetheselow-
dimensional
�

materials display interesting properties both
from
�

a fundamentalphysicsandapplicationsviewpoint.The
mechanical� strengthof CNT combinedwith their rich elec-
tronic
�

propertieshave led to a demonstrationof their pro-
posed� applicationsasSTM tips,1 field emissionsources,2

�
and�

nanoscale� devices.3–5
�

CNT
�

can presentlybe cut to lengths
varying from tens of a nanometerto a many micrometers,
and� experimentshave shown promiseas molecularwires.3

�
On
!

the theoreticalside,studiesof the conductanceof CNT
with" single defectsand a junction betweentubeshavegen-
erated# interest,6–8

$
as� hasthe low-energyexcitationspectrum

in the presenceof electron-electroninteraction.9–1
%

3

A metallic CNT has two propagatingsubbandsat the
Fermi
&

energy.This canyield a maximumlow biasconduc-
tance
�

of 4e' 2
�
/
(
h
)

(
*
6.25k

+-,
)
.
. Theprospectof realizingconduc-

tances
�

closeto 4e' 2
�
/
(
h
)

will" significantlydependon / i021 the
�

role
of3 disorderand/ordefectsin reducingtheconductanceof this
low-dimensionalmaterialand 4 ii 5 the

�
ability to realizenear

perfect� contactswith macroscopicsizedvoltagepads.Using
numerical� simulation, we study the effect of two types of
disorder.
�

The first type of disorderis a relatively weakuni-
form disorderthat is distributedthroughoutthe sample.This
model� hasbeenconsideredpreviouslyin differentcontexts.14

The
�

secondtype of disorder is isolated strong scatterers.
Thesescatterersphysically correspondto lattice sites onto
which" an electroncannothop easily. We find that the two
types
�

of disorder affect the conductancein very different
manners.� We presentthe resultsof our conductancecalcula-
tions
�

in nanotubesof different lengthsand diameters.We
also� makesuggestionsto observesomeof theseresultsex-
perimentally.� The secondcontributionof our paperis a pro-
cedure6 thatcanbeusedfor thenumericalcomputationof the
transport
�

propertiesof CNT with defects,T
7

,8 Y ,8 and other
junctions
9 15–17 and� CNT heterostructures.Our procedurein-
cludes6 theeffectof semi-infiniteleadsin anefficientmanner.

The Green’s-function-basedtransportformulation of Refs.
18–20 is employedand is applicableto deviceswith arbi-
trary
�

disorderedregionsandjunctions.
The paperis organizedasfollows. We discussthe model

and� theGreen’s-functionmethodin Sec.II. This is followed
by
:

a discussionof the numericalresultsin Sec.III. We con-
clude6 in Sec.IV.

II.
;

MODEL

The electronicpropertiesof CNT havebeencalculatedin
the
�

contextof variousapproximations.We usethe simplest
model,� which assumesthe nanotubeto be an sp< 2

�
bonded
:

network. The corresponding single-particle Hamiltonian
is2
�

1–23

H =?>
i @ i

0
A
cB i

†cB i CED
i, j
F tG i jc

B
i
†cB j
F . H 2.1I

Here,
J K

i
0
A

is
0

theon-sitepotentialandtG i j is
0

thehoppingparam-
eter# betweenlatticesitesi

L
and� j

M
. N cB i

† ,8 cB i O are� thecreationand
annihilation� operatorsat site i

L
. In theabsenceof defects,the

on-site3 potential P i
0
A

is zero and the hopping parameterisQ 3.1
R

eV.22 We
S

calculatethe conductanceof a structurethat
consists6 of two semi-infiniteperfectCNT leadsseparatedby
a� regionwith defectsT Fig.

&
1U . In thepresenceof defects,both

the
�

on-site potential and the hopping parameterchange.
Here,we only considerthe variationin the on-sitepotential,

FIG. 1. A schematicrepresentationof thestructureacrosswhich
the transmissionis calculated.Our calculationaccountsfor semi-
infinite leadsconnectedto the disorderedregion.
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In the caseof a uniformly distributedweakdisorder, lgm i is
randomlyn chosenfrom theinterval oqpsr randomt u at� everylattice
point.� Increasing v random corresponds6 to increasing the
amount� of disorder.In the caseof substitutionaldefects,wyx i
is setto a largenumberat somerandomlatticesites.In a real
sample,z {y|

i would" beexpectedto havea finite spatialextent.
In
}

this paper,the finite spatial extent is neglectedand the
randomn componentis treatedasa ~ -function potential.

The
�

transmissioncoefficient betweenthe left and right
leadsis calculatedusingthe expression19,20

T
7��

E
�����

tr
�����

LG
� r���

RG
� a��� . � 2.3

ik�
The
�

couplingof thedeviceto theleft andright leads,� L
� and��

R ,8 is given by�
k
��� E ��� 2 � Vk

�†Im � g� k
�r��� E �¡  Vk

� ,8 ¢ 2.4£

where" k
+�¤

L
¥

,8 R¦ . g� k
�r(* E� )

.
is the Green’s-functionmatrix of the

k
+
th
�

semi-infinite lead, G
� r� and� G

� a� are� the retardedand ad-
vanced Green’s-functionmatricesof the device § including
the
�

couplingto the semi-infiniteleads̈,8 andVk
� is
0

the matrix
that
�

couplesthe k
+
th
�

lead to the device © disordered
� ª

region.
The
�

trace is over the device nodes.To obtain the Green’s
functions,
�

we solvethe following equation:«
EI
�¬

H
®°¯²±

L
r ³²´

R
r µ G� r�Y¶ I

·
,8 ¸ 2.5

iº¹
where" »

k
�r��¼ Vk

�†g� k
�r� (* k+¾½ L,8 R)

.
Vk
� representsthe self-energydue

to
�

the semi-infiniteleadsand I is the identity matrix of di-
mension� equalto the numberof devicelattice sites.In gen-
eral,# for a structurewith N

¿
atoms,� solvingfor all elementsof

the
�

Green’s function involves inverting an N
¿ÁÀ

N
¿

matrix.�
Computational
�

resourceslimit thesizeof thesystemthatcan
be
:

considered.However,by careful orderingof lattice sites
the
�

matrix correspondingto Eq. Â 2.5
ikÃ

is
0

block tridiagonalÄ
Eq.
Å Æ

2.6
ikÇÉÈ

.
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For
&

this purposewe divide the structureinto smallerunits,
each# unit typically representingoneor a few rings of atoms
along� thecircumferenceof the tube.Thediagonalsubmatrix
A i Ù dimension

�
of N
¿

i Ú N
¿

i)
.

representsEI Û H Ü²Ý L
�r�ßÞáà

R
âr� of3 the

i
L
th
�

unit and the off-diagonal submatrixB i j ã dimension
�

of
N
¿

i ä N
¿

j
F ). representsthecouplingbetweenunitsi

L
and� j

M
,8 where

N
¿

i and� N
¿

j
F are� the numberof sites in units i

L
and� j

M
. O
Ê

are�
empty# matrices.In the near-neighbortight-binding scheme,
B i j is nonzeroonly when å iLYæ j

Mèçsé
1. Hence,thereis a block

tridiagonal
�

structure for Eq. ê 2.5
iºë

. Calculating the phase-
coherent6 transmissioncoefficient involves only the off-
diagonal
�

componentof the Green’sfunction connectingthe
left andright endsof the device(G

�
N
Ñ

1
r )
.
. This further reduces

the
�

labor to computethe transmissioncoefficient.We solve
for
�

G
�

N
Ñ

1
r� by
:

using an efficient block tridiagonalelimination
procedure.� Using this procedure,we areableto calculatethe
transmission
�

coefficientthroughlong disorderedregions.
The Green’s function g� k

�r� is calculatedvia an iterative
procedure.� 24 Thematrix equationcorrespondingto thesemi-
infinite leadsis thesameasEq. ì 2.6í ,8 only that thematrix is
semi-infinite,z with all A

Ì
i î A
Ì²ï

E
�ñð

H
®°ò

i
L�óõô

evaluated# at a unit
in
0

lead k
+
)
.

and B
Ë

i j ö B
Ë

j i
F t÷ùø B

Ë
. The equationsfor ú k

� and� û
k
�r

involve only thesubmatrix ü g� k
�r�þý

11,8 which correspondsto the
semi-infinitez Green’sfunction of the unit in lead k

+
that
�

is
closest6 to the deviceregion.From Eq. ÿ 2.6� ,8�� g� k

�r �
11 is given

by
:

the following equation:24

�
g� k
�r �

11 � I
·

E
���

H
®
	

i
L���

B
Ë t÷�� g� k

�r���
11B
Ë . � 2.7

i��

The
�

current across the device is calculatedusing the
Landauer-Buttiker
�

formula,

I
·�� 2e'� dET

� �
E
�����

f
 

1 ! E�#"�$ f
 

2
�&% E��')( ,8 * 2.8

i�+

where" the factor 2 accountsfor spin degeneracy.f
 

1(
*
E
�

)
.

and
f
 

2
� (* E)

.
aretheFermifunctionsof thewavesincidentfrom the

two
�

contactsto thedevice.Note that in thepresentwork, we
calculate6 only the phase-coherenttransmissioncoefficient,
the
�

effect of electron-phononinteractionis neglected- and�
that
�

temperaturedependenceis only via the Fermi factorsof
electrons.# Two importantconsiderationsin a calculationof
current6 are the equilibrium location of the Fermi level with
respectto the bandbottomof the devicewhenconnectedto
the
�

contacts25
�

and� the self-consistentpotentialprofile of the
device
�

in the presenceof an applied bias. We assumethe
case6 of reflectionlesscontacts20,26 and� considerthe scenario
where" the Fermi energycan be varied with respectto the
band
:

bottomof the CNT. The ability to vary the Fermi en-
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ergy# in a CNT has been demonstratedexperimentallyin
Refs.
/

3, 27, and28. The potentialin the deviceis not calcu-
lated
0

self-consistentlyandwe simply assumea lineardropin
the
�

applied potential, while calculating the current versus
voltage characteristics.

III.
;

RESULTS AND DISCUSSION

A. Weak uniform disorder

In
}

a conventional one-dimensional chain, electrons
traverse
�

only a singleeffectivepathacrossthe leadsandasa
result transmissionis significantlyalteredby small amounts
of3 disorder.29

�
In comparison,electronsin a CNT can travel

around� defectsbecauseof the larger numberof atomsin a
cross6 section 1 the

�
numberof modesis only two at the band

center6 2 . An importantissueis how disorderaffectsthe con-
ductance
�

of CNT wires. We calculatetransmission3 by
:

this
we" meanthe sum of the transmissioncoefficient over the
incidentmodes,4 n5 Tn5 ). as a functionof boththelengthof the
disordered
�

region and the magnitudeof disorderusing the
procedure� describedin Sec.II. Transmissionversusenergy
and� conductanceversusgatevoltagefor oneconfigurationof
disorder
�

areshownin Fig. 2. Transmissionin a CNT hasthe
following
�

featuresthat are in commonwith a single-moded
one-dimensional3 chain:rapidly varyingpeaksthatsignify lo-
cal6 resonancescreatedby disorderanddecreasein the aver-
age� value with increasingdisorderas the mismatchin the
energies# of the resonancesincreases with increase in
disorder.
� 14,29

We
S

now discussfeaturesthat aretypical of carbonnano-
tubes.
�

Figure2 showsa significantreductionin thetransmis-
sionz coefficientat energiescloseto thebeginningof thesec-
ond3 subband,evenfor weakdisorderstrengths.This leadsto
a� dip in conductancewhen the Fermi level is close to the
beginning
:

of the secondsubband6 Fig. 37 . The origin of this

dip
�

is due to low velocity electronsin the secondsubband
and� can be understoodas follows. In a perfect lattice, the
velocity (dE

�
/
(
dk
�

)
.

of electronswith the quantumnumberof
the
�

secondsubbandand with an energycloseto the begin-
ning of the second subbandis nearly zero. These low-
velocity electronsareeasilyreflectedby the smallestof dis-
orders.3 Disorder causesmixing of the first and second
subbands.z As a result,electronsincidentin eithersubbandat
these
�

energiesdevelopa largereflectioncoefficient 8 in com-
parison� to energiescloseto the bandcenter9 . Increasingthe
disorder
�

strengthresultsin further reductionof the conduc-
tance
�

and also resultsin the broadeningof the dip. Subse-
quent: to Eq. ; 2.2< ,8 we mentionedthat thefinite spatialextent
of3>=@?

i is
0

neglectedin our study.A model that includesthe
finite spatial extent of A@B i would" require larger lengthsof
disordered
�

regionsto seedips whosemagnitudeis compa-
rablen to thosein Figs. 2 and3. The resultsin Fig. 2 are for
one3 random configuration of disorder distributed over a
lengthof 1000Å. We havecarriedout simulationsover dif-
ferent
�

length scalesand disorderconfigurationsand our re-
sultsz for the averagetransmissionat the bandcenter,aver-
aged� over morethana thousanddisorderconfigurations,are
summarizedz in Fig. 4. Theimportantpoint hereis thatfor the
smallerz disorder strengths,the averagetransmissionof a
micrometer-long� C 10,10D tube

�
is not significantlyaffectedby

disorder,
�

thusdemonstratingthe relativerobustnessof trans-
port� at the band center.For disorderedregionslarger than
somez localizationlength(L0

A ). , theconductanceof quasi-one-
dimensional
�

sampleshas beenpredictedto decreaseexpo-
nentially� with length, g��E g� 0

A exp(# F L
¥

/
(
L
¥

0
A ),. in the phase-

coherent6 limit.14 For lengths shorter than the localization
length,thedecreasein conductanceis not givenby this equa-
tion.
�

We observethis to be thecasein our simulationsG inset
0

of3 Fig. 4H . The values of L0
A corresponding6 to disorder

strengthsz of 1 eV and 1.75 eV are 3353 Å and 1383 Å,
respectively.n

We
S

alsocomputetransmissionfor nanotubesof different
diameters.
�

This study illustratesthe effect of the numberof

FIG. 2. Transmissionversusenergy for a I 10,10J CNT
.

with
disorderdistributedover a length of 1000 Å. The significant fea-
turesherearethe robustnessof the transmissionaroundthezeroof
energy,asthestrengthof disorderis increased,andthedip in trans-
missionat energiescloseto the beginningof the secondsubband.
The insetshowsenergyversuswavevectorfor the first K solidL and
the second subband M dashed

N O
;P the velocity of electrons at the

minima of the solid line is zero.

FIG. 3. The low bias conductanceversusgatevoltage for the
structureusedin Fig. 2. The figure clearly showsthe dip in the
conductancewhentheFermienergyis closeto thesecondsubband
minima. At the lower temperature,featuresdue to the quasibound
resonancesin thedisorderedregionarenot averagedout whencom-
paredto the high-temperaturecase.
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atoms� in a crosssectionof the wire. We comparetransmis-
sionz of the R 10,10S tube

�
with that of T 5,5

UWV
and� X 12,0Y zigzag

tubes.
�

The diametersof thesetubesare 13.4 Å, 9.4 Å, and
6.7
Z

Å, respectively.For the [ 10,10\ and� ] 5,5
UW^

tubes,
�

theband
structuresz at energiescloseto theFermienergyaresimilar.21

But thenumberof atomsin a unit cell of a _ 5,5
U�`

tube
�

is only
half of that in a a 10,10b tube

� c
they
�

have20 and 40 atoms,
respectivelyn d . Figure 5 showsthe averagetransmissionver-
susz wire length.The importantpoint hereis that in spiteof
the
�

identicaltransmissionof a disorder-freee 10,10f and� g 5,5
UWh

tube
�

at energiesaround the band center, transmissionis
smallerz for the i 5,5

UWj
tube
�

in thepresenceof disorder.This is
because
:

the k 5,5
UWl

tube
�

hasa smallernumberof atomsaround

the
�

circumference,thus reducing the number of paths by
which" electronscantravel arounddefectsandacrossthe de-
vice. To supportthis viewpoint,we comparetheseresultsto
conductance6 of a 1000 Å long m 12,0n zigzagtube.We find
that
�

transmissionis in betweenthat of the o 10,10p and� q 5,5
U�r

tubes
� s

Fig.
&

5t . This is becausethe u 12,0v tube
�

hasa diameter
that
�

is in betweenthatof the w 10,10x and� y 5,5
UWz

tube,
�

andasa
result the numberof effectivepathsis largerthanthat avail-
able� to a { 5,5

U�|
tube
�

but smallerthanthat of a } 10,10~ tube.
�

Recently,
/

arm chair, zigzag,and tubeswith chiralities in
between
:

have been experimentallycharacterizedby STM
imaging.30,31

�
Transport
�

measurementsof single-wallCNT at
low temperatureshave so far been limited by Coulomb
blockade
:

due to large barriers at the contact-CNT
interface.
0 3,27

�
Disorder
�

of somedegreeis bound to exist in
CNT
�

samplesandwe believethat thevariationin the linear-
responseconductancewith thegatepotential32

�
and� thedip in

the
�

conductanceat energiescloseto the crossingof the first
and� secondsubbandscanbeobservedin situationswherethe
contact6 resistanceis not the dominantfactor.The lengthde-
pendence� of the conductancecanalsobe studiedby varying
the
�

lengthof the tubebetweenthe electrodes.Onecaveatis
that
�

phononscatteringwill causean increasein the low bias
conductance6 in the presenceof strongdisorderwith an in-
crease6 in temperature.Our calculationsare relevantat low
temperatures
�

wherephononscatteringis not significant.

B. Strong isolated defects

An electroncannothopon to sucha defectsiteeitherdue
to
�

a large mismatchin the on-sitepotentialor weak bonds
with" its neighbors� Sec.

�
II � . Scatteringfrom a single defect

causes6 a maximumreductionin the transmissionat the band
center6 E

���
0
�

. For example,thetransmissionof a � 10,10� tube
�

reducesfrom 2 to approximately0.94dueto a singledefect.5
�

We
S

areinterestedin theeffectof a few suchdefectsscattered
randomlyn alongthe lengthof the tube.Reflectionfrom more
than
�

a singledefectcausesthe creationof quasiboundstates
along� the tube,the exactlocationsof which aresensitiveto
the
�

positionof the defects.We find that a significantfeature
that
�

is independentof the exact location of thesedefectsis
the
�

openingof a transmissionG gap at� thecenterof thebandas
defects
�

are added.The secondfeature that we see in the
simulationsz is that the width of the transmissiongap in-
creases6 with an increasein the defectdensity.The transmis-
sionz has sharp decreasesat energiescorrespondingto the
opening3 of the secondsubband,but this effect is relatively
weak" comparedto the previouscaseof disorder.The simu-
lation
0

resultsillustratingthesefeaturesareshownin Figure6
for
�

a wire of length1000Å with ten defectsscatteredalong
the
�

lengthrandomly.As a resultof the transmissiongap,the
low biasconductanceis greatlyreducedfrom thedefect-free
case,6 at zerogatevoltage.Conductancefurther dependssig-
nificantly� on temperature� inset

0
of Fig. 7� a����� . In summary,

while" the conductanceis not significantly affectedby rela-
tively
�

weakuniform disorder� Figs.3 and4� ,8 we find thatthe
conductance6 here is much smaller than 2e' 2

�
/
(
h
)

at� zero gate
voltage. Conductanceincreaseswith gatevoltage,with fea-
tures
�

of resonancesdue to the quasiboundstatessuperim-
posed.� Thesefeaturesget averagedout with an increasein
temperature.
�

We also calculatecurrentas a function of ap-
plied� voltageby assuminga linear drop in the appliedvolt-

FIG. 5. The averagetransmissionat the bandcenterversusdis-
order strength for wires of different diameterand chirality; the
transmissionhasbeenaveragedover a thousanddifferent realiza-
tions of the disorder.The main feature here is that the average
transmissiondecreaseswith a decreasein the number of atoms
alongthe circumferenceof the wire � seetext� .

FIG. 4. The conductanceversuslength of the � 10,10� CNT.
.

While for the large disorderstrengthsthe conductanceis signifi-
cantlyaffectedby disorder,theconductanceis reasonablylargefor
the smallervaluesof disorder.This demonstratesthe robustnessof
thesewires to weakuniform disorder.Inset: log � Conductance� ver-�
suslengthfor disorderstrengthof 1.75eV in a � 5,5� CNT.

.
Thesolid

line � filled circle� correspondsto the simulation and the dashed
line � empty
 circle� corresponds to that obtained using
g � g0

� exp(� L/
Z
L0
� ).�
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age.� Transmissionat eachappliedvoltageis computedand
then
�

we use Eq.   2.8
iW¡

to
�

calculatethe current. The main
featurein the I-V characteristic6 is the small increasein cur-
rentwith appliedvoltagecloseto thezeroof appliedvoltage¢
Fig. 8£ . The experimentalwork in Ref. 4 measuredthe I-V

characteristics6 of a CNT rope. One of their main findings
was" that the differential conductanceis very small at zero
bias
:

and that it increaseswith an increasein applied bias.
Thequalitativefeaturesof Fig. 8 aresimilar but animportant
difference
�

is that the experimentswereperformedon a rope
of3 single-walledtubes,in which caseit has recently been
predicted� that a band gap could open due to tube-tube
interactions.33

�
IV. CONCLUSIONS

We
S

presenta method to calculate the phase-coherent
transmission
�

through nanotubesusing a Green’s-function
formalism
�

that can include the effect of semi-infinite leads
and� can handle many defectsand junctions with relative
ease.# We usethis formalismto studythe importanceof scat-
tering
�

due to disorder.Two simple modelsof disorderare
considered6 andtheir effect on the conductanceis discussed.
In
}

the presenceof weak uniform disorder,we find that the
conductance6 is not significantlyaffectedby disorderandthat
the
�

wires behaveas reasonablygood quantumwires. For
example# a micrometer-long ¤ 10,10¥ CNT

�
with a disorder

strengthz of 1 eV ¦ sectionz II § has
¨

aconductancecomparableto
0.16(
�

e' 2/
(
h
)

)
.
. We predict that an experimentinvolving mea-

surementz of conductanceversusgatevoltagewill showa dip
in
0

conductancewhenthe Fermi energyis closeto the open-
ing of thesecondsubband© Fig. 3ª . We comparetheconduc-
tance
�

of wireswith varyingdiametersandfind that thetrans-
mission� « conductance6 ¬ increases

0
with the diameterof the

tube
�

for a given disorderstrength  Fig.
&

5; note that in the
absence� of disorderthe conductanceis independentof the
tube
�

diameterat zero gate voltage® . We attribute this to a
decrease
�

in the numberof effectivepathsby which an elec-
tron
�

can traverseacrossthe device with a decreasein the
diameter.
�

Thesecondtypeof defectconsideredis strongiso-
lated
0

scatterers.In contrastto the previoustype of disorder,
this
�

disordercreatesa gap in the transmissionat the band

FIG. 7. Theconductanceat T ¯ 300K for thecasein Fig. 6. The
low conductanceat zerogatebiasrepresentsthetransmissiongapin
Fig. 6. Thetransmissionresonancesof Fig. 6 getaveragedout here.
The inset comparesthe effect of temperatureon the conductance.
Closeto zerogatevoltage,theconductanceis clearlysuppressedat
the lower temperature.

FIG. 8. The current ° shifted by ± 0.4
²

units along the current
axis³ versusappliedvoltagefor thesamestructureasin Fig. 6. The
dashedcurveis thedifferential conductance,which is very small at
low appliedvoltages.

FIG. 6. The transmissionversusenergyfor a ´ 10,10µ CNT
.

with
ten strongisolatedscattererssprinkledrandomlyalonga lengthof
1000Å. The main predictionhereis the openingof a transmission
gaparoundthe zeroof energy.Inset:Comparisonof the transmis-
sion for tubesof lengths1000 Å ¶ solid� · and¸ 140 Å ¹ dashed

N º
with

ten scatterersin eachcase.The transmissiongap is larger for the
largerdefectdensityand the sharpresonancescloseto the zeroof
energyaresuppressedwith increasingdefectdensity.
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center6 and a correspondinglarge reductionin the low bias
conductance.6 Suchdisorderwould destroythe goodconduc-
tance
�

propertiesof the wire at the band center.The work
presented� is basedon numerical simulations. Of interest
could6 be further conductanceexperimentsto look for fea-
tures
�

describedin this paper.Carbonnanotubesprovide an
unprecedented» naturalscenariofor wires with a few modes
and� a relatively small cross-sectionalarea. An analytical
studyz of the effect of disorderin thesesystemsand the de-
pendence� of the conductanceas a function of diameterand
chirality6 would be useful. Also of interestfor future work

would" be a study that includesthe effect of phononscatter-
ing.
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